a Core/shell nanoparticles having metallic silver nanoparticle cores of y38 nm in diameter and silica shells of different thicknesses ranging from y3.6-20 nm were prepared. For the silica coating, a slightly modified Stöber method was used which allowed preparing grams of core/shell nanoparticles for the first time. The particles were characterized by UV-vis spectroscopy, dynamic light scattering, scanning electron microscopy, transmission electron microscopy, and energy-dispersive X-ray scattering. Their dielectric properties were measured as pellets in parallel-plate capacitors. It was found that the permittivity is much influenced by the silica shell thickness with an increase in permittivity for thinner shells. A shell thickness of 20 ¡ 2 nm allowed fabrication of capacitors which have similar characteristics to those of silica, thus, there is no influence of the metal core on the dielectric properties anymore. However, by decreasing the silica shell to 17 ¡ 2, 8 ¡ 1.5, and 6.6 ¡ 1.5 nm the permittivity at high frequencies is increasing from 10, 34, to 41, respectively. The insulator to metal transition was observed for a silica shell thickness of 3.6 ¡ 1 nm.
Introduction
Properties of metals change significantly when going from macroscopic to nanoparticle sizes. 1 In the last couple of years, much development has been done with respect to the synthesis of metal nanoparticles and some understanding of how to prepare different shapes and sizes has been achieved. 2 Blending such nanoparticles in polymeric, ceramic matrices allowed fabrication of new materials with unprecedented properties which might find their way in optical, electrical, and magnetic applications. Materials with high dielectric permittivity (e9) are of great interest for future electronic capacitors with high energy storage densities and low operating voltage. 3 For such applications not only high e9 is required, but also low conductivity and high breakdown field are desired properties. These two properties have a direct impact on the device lifetime and also on the maximum energy density of the capacitor which is given by:
where e9 is the relative dielectric permittivity, E b is the electric breakdown strength, and e 0 the vacuum permittivity (8.85542 6 10 212 F/m). 3 The energy loss due to dissipation by the dielectric material is given by:
where E is the electric field strength, f is the frequency, and tand is the loss factor. Thus a low dielectric loss material will have a low energy loss, especially for high frequency applications. Several approaches have been used in order to produce materials with high e9 which include blends with highly polarizable ceramic particles, 4,5 polymers with polar functional groups, 6 and composite materials with conductive fillers.
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According to percolation theory, the effective e9 of composites increases rapidly at concentrations approaching the percolation threshold, when the conductive paths are hindered by a dielectric matrix. 8 Various conductive fillers like metal particles, conjugated polymers, or carbon black have been used for percolative composites with polymers as matrix materials. [9] [10] [11] [12] [13] However, although the reported e9 values were high, the blended materials showed high dielectric loss due to agglomeration of the fillers leading to conductive pathways. Several approaches were used to overcome this limitation. insulating shell, and obtained composites with low dielectric losses. 14 Kempa et al. used silica coated conductive particles and observed that the shape and monodispersity of the nanoparticles strongly affect the dielectric properties of the composites. Li et al. used effective medium approximation of a composite made of three-phase material and showed that the effective e9 the breakdown strength, and the electrical energy density are strongly affected by the microstructure of the nanocomposite and therefore must be carefully controlled. 15 From the literature, it became clear that in order to prepare reliable materials the percolation paths in composites containing conductive fillers should be avoided. This can be achieved by surrounding the particles with an insulating shell that precisely defines the minimum approach distance of twice the shell thickness (Fig. 1) . 16 Several approaches were already reported in the literature on how to prepare core/shell particles. 17 The most common one uses wet chemistry on preformed cores including interfacial polymerization of the shell onto the core, controlled phase separation techniques, and heterocoagulation. 18 Although high temperature formation of dielectric oxide shell is occasionally used, it is less attractive since the shell thickness is difficult to control. 19 Another way of preparing core/shell particles is by using layer by layer deposition.
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Despite of these advances in the synthesis of core/shell particles, a challenge which still needs to be overcome is the up-scaling of the synthesis allowing preparation of sufficient material to be used for further investigations. Despite of the large number of publications dealing with percolated materials, there is limited information on the e9 of monodisperse metal nanoparticles coated with an insulator shell of different thicknesses and/or composites of such welldefined particles in a matrix.
It is the aim of this work to prepare structurally welldefined core/shell particles having AgNP cores and silica as insulating shell (denoted as Ag@SiO 2 (x), where x is the silica shell thickness taken from TEM measurements) and measure their dielectric properties as a function of shell thickness. Apart from many studies that concentrate on optical measurements with Ag@SiO 2 particles, dielectric measurements of such particles are not known. To be able to run such measurements large quantities of particles are required. Thus, a slightly modified Stöber method was developed that allowed us preparing grams of core/shell particles at higher concentrations as compared to the literature. The silica shells prevent the AgNPs from touching each other and also keep the AgNP cores at a defined minimum distance. The dielectric properties of such particles were measured for the first time in pellets in parallel-plate capacitors and the influence of the insulator shell thickness on the dielectric properties was investigated.
Experimental
Synthesis of Ag nanoparticles (38 nm) 21 A solution of polyvinyl pyrrolidinone (PVP) (40.5 g, 361 mmol) in ethylene glycol (EG) was heated in a thermostat at 130 uC for 30 min. Then, a solution of Ag NO 3 (6 g, 36 mmol) dissolved in EG (4 mL) and nanopure water (3 mL) was added via rapid injection and the mixture was stirred at 130 uC for further 30 min. Afterwards, the mixture was cooled, washed with acetone, and centrifuged. The washing procedure was repeated twice before redispersion of the residue in ethanol (EtOH) (100 mL). AgNPs were prepared in 81% yield.
Synthesis of silica coated silver nanoparticles Ag@SiO 2 (x nm) 22 From the above dispersion of AgNPs in ethanol, 5 ml was taken and diluted with ethanol to 31.5 ml in order to obtain a conc. of 46 mM AgNPs. This dispersion was treated with NH 4 OH (29%, 1.3 mL) under gentle stirring (see Table 1 ) at 25 uC followed by the dropwise addition of different concentrations of tetraethoxysilane (TEOS) in EtOH (3 mL) which was completed after 60 s (for concentrations see Table 1 ). The reaction mixture was stirred for further 20 h, then diluted with acetone, washed, centrifuged (4000 rpm, 45 min) and decanted. The washing procedure was repeated 3 times. The residue was redispersed in MeOH for further analysis. The particles were dried in high vacuum at 25 uC for 8 h.
Synthesis of hydrophobic coating: (Ag@SiO 2 (17 nm)@alkylsilane)
Ag@SiO 2 (60 mg) was dispersed in EtOH (10 mL) and treated with dimethylamine (DMA) (40%, 166 mL, 1.34 mmol) under gentle stirring (500 rpm) followed by the dropwise addition of n-octyldimethylmethoxysilane (334 mL, 1.34 mmol) which was completed within a minute. The mixture was stirred for further 48 h, then diluted with acetone, washed, centrifuged (13 000 rpm, 25 min) and decanted followed by redispersion and further washing in isopropanol (13 000 rpm, 25 min) for 4 times. The particles were dried in high vacuum at 25 uC for 8 h.
Materials and methods
All chemicals were purchased from Aldrich and used as received.
Methods
The nanoparticles were observed by SEM on a Hitachi S-4800 and FEI NovaNanoSEM 230, TEM were done with Philips CM30 TEM and JEOL 2200FS TEM/STEM, UV-vis absorption spectra were recorded with a Cary 50 spectrophotometer, DLS were done with a Malvern Zetasized Nano ZS, FT-IR spectra were taken on a Bio-Rad FTS 6000 spectrometer, and 29 Si NMR spectra were recorded with a Bruker Avance-400 spectrometer. Image analysis was used for the TEM micrographs to estimate the particles size of about 400 Ag cores by using ImageJ and a ruler for Windows was used to calculate the shells of about 100 coated particles. Permittivity measurements were done in the frequency range of 100 Hz to 1 MHz using an HP 4284A LCR meter. The amplitude of the probing ac electric signal applied to the samples was 1 V. The permittivity was determined from the capacitance: C = ee 0 A/d, where A is the electrode area, d is the thickness of the capacitor, and e 0 is the vacuum permittivity. Before use, the samples were dried for 8 h at 2 6 10 22 mbar. Pellets were prepared by pressing at 3 tons (Ø = 3 mm) and were then covered with silver paste electrodes.
Their microstructures were measured with SEM (see ESI 3 ). All the samples were measured immediately after pellet preparation in order to avoid changes in the water content.
Results

Synthesis and characterization of AgNPs coated with SiO 2
A wide range of different shapes and sizes of AgNPs have been prepared including sphere, spheroid, cube, octahedron, tetrahedron, bipyramid, rod, and wire starting from cheap and readily available silver salts. 23 For a general overview of the state of the art on the shape controlled syntheses of AgNPs the reader is referred to the excellent review article by Xia et al. 24 The most common way for preparing AgNPs includes the reduction of silver salt by boron hydrides, polyols, or hydrogen. 25 We prepared AgNPs by reduction of AgNO 3 with EG in the presence of PVP as capping agent at 130 uC. The particles were stabilized by polyvinylpyrrolidone (PVP). The reactions were initially done on a small scale (0.2 g AgNO 3 ), however in order to be able to make dielectric investigations of AgNPs, quantities in the g range are required. Thus, the possibility of up-scaling the synthesis was investigated. Since the reaction temperature influences particles size, an accurate control of the temperature was required. In order to achieve this, a reactor heated with a thermostat was used. This setup enabled control within ¡1 uC during the synthesis. Fig. 2 shows the TEM images of the prepared AgNPs on 6 g scale. By TEM it was found that the average particles size was about 38 ¡ 2 nm in diameter and by DLS that they have a reasonable size distribution (0.2).
Silica is well known for its good insulator properties. Core/ shell particles with SiO 2 shell having controllable thickness were prepared by the Stöber method. 26 This layer by layer technique was intensely used for example to prepare polystyrene-silica, gold-silica core/shell particles with controlled shell thickness from a few nanometers to several hundreds.
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Ag particles 28 and nanowires 29 were also coated with amorphous silica shells of different thickness by using TEOS as silica precursor. We also used Stöber method for the silica coating of AgNPs. The silica shells not only hinder agglomeration of AgNPs and enhance their stability, but also allow for surface functionalization. 30 In a typical synthesis, the AgNPs are dispersed at a certain concentration in ethanol and TEOS is hydrolyzed and deposited on the surface of the nanoparticles. A disadvantage of Stöber method is the high dilution required (typical concentration range from 0.01 mM to 1 mM) which made up-scaling of the process unpractical. We therefore slightly modified the reaction conditions and systematically increased the concentration of AgNPs (46 mM) such that about 0.1 g of AgNPs per batch was coated. The strong contrast between the black silver core and the gray shell in the TEM images (Fig. 3) confirms that core/shell nanoparticles formed. Despite the use of NH 4 OH which was thought to trigger the dissolution of the silver cores, no core-free silica shells were observed in the TEM images. In comparison, the use of DMA as catalyst for the hydrolysis of TEOS did not give uniform and spherical silica shells as suggested in the literature. 31 Furthermore, the presence of the silica shell was confirmed by EDX done on the naked AgNPs and on the coated particles as shown in Fig. 4 . Only in the latter spectrum, silicon is detected. The Cu and C peaks correspond to the carbon-coated copper grid on which the particles were deposited for this test. The silica shell thickness could be varied by altering the initial TEOS concentration. The growth of very thin silica shells requires slow and careful addition of TEOS into the solution. 32 The silica shell grown on the silver nanoparticles was quite uniform and also spherical in shape when the shell thickness was about 17 nm or higher, but was less uniform for the thinner shells. This effect was also observed by others. For example Yin et al. coated Ag nanowires and found that when a thin silica shell of about 2 nm was formed, the thickness of the shell varied considerably. Thicker shells were smoother and more uniform. 29 It was also observed that the specific morphology of the particles is preserved in the coating process. Graf et al. used PVP adsorbed on various colloidal particles and coated these particles with silica shells of variable thickness. The length of the polymer used strongly influenced the homogeneity and the smoothness of the initial silica coating. 33 Fig. 3 shows TEM images of AgNPs with SiO 2 shells of different thickness. Additionally, the TEM images clearly show that the SiO 2 shell thickness can be changed by altering the amount of TEOS used. The surface plasmon resonance of AgNPs is sensitive to size, shape, and the dielectric material surrounding the nanoparticles. While the naked Ag particles give rise to an absorption peak at l = 415 nm, a small bathochromic shift (Fig. 5) with increasing the silica shell from 425 nm for 6.6 nm particles to 437 nm for 20 nm particles was observed. This can be explained by the change of the surrounding medium of the AgNPs, since silica possesses a higher refractive index than the solvent (MeOH). When the silica shell thickness was reduced to around 3.6 nm, the UV-vis spectrum featured broadened peaks. For the thicker shells, silica is completely covering the AgNPs. Because of the basic conditions, the surface hydroxyl groups are deprotonated and therefore electrostatic stabilization is the mechanism preventing agglomeration. The nanoparticles with thin and partial silica coating behave like conventional hard spheres in a Lennard-Jones potential and therefore aggregate. We assume that the surface coverage with silica is patchy and that agglomeration comes about by contact between particles at the surface parts which either have a very thin silica layer or are even free of silica. Then van der Waals forces are strong and result in agglomeration. Whether there is any residual PVP on the surface with little or no silica cannot be said at present.
The size increases with increasing the silica shell is also reflected by DLS and further confirms the coating (Fig. 6) . Interestingly, while almost all dispersed particles have similar sizes as those determined by TEM, the size of Ag@SiO 2 (3.6 ¡ 1) with a TEM diameter of 45 nm appears much larger (Table 1 ) a sign for agglomerated particles. A direct comparison of our results with the literature is not possible since no DLS data are given for metal particles coated with a silica shell.
Dielectric properties of Ag@SiO 2 in pressed pellets
The real part of the dielectric function e9 of pressed pellets of powder samples composed of Ag@SiO 2 nanoparticles were obtained by measuring the capacitance of the pellets using the sandwich architecture Ag/Ag@SiO 2 /Ag in the frequency range of 100 Hz to 1 MHz (see Experimental). The dielectric response of Ag@SiO 2 pellets is given in Fig. 7 . As expected, an increase in e9 with decreasing shell thickness was observed at all frequencies. Concretely, for shell thicknesses of 20 ¡ 2, 17 ¡ 2, 8 ¡ 1.5, and 6.6 ¡ 1.5 nm e9-values of 4.6, 10, 34 and 41, respectively, were obtained. AgNPs coated with a very thin insulating shell of about 3.6 ¡ 1 nm were conductive and it was not possible to run the dielectric measurement. For thicker shells, the e9 of Ag@SiO 2 pellets is almost constant at high frequencies but increases at lower frequencies. The reason for this might be due to the presence of traces of ions and residual water absorbed on the silica surface which is rather difficult to remove which would increase the ion conductivity at low frequencies.
In order to exclude traces of water which may have caused the e9 values to scatter, the powder sample of AgNPs with a shell thickness of 17 ¡ 2 nm was hydrophobized with a silane reagent. The wettability test done in water/toluene as well as the presence of the signal at d = 13 ppm in the 29 Si NMR spectrum characteristic for the Si-C are clear indications that the silylation was successfully achieved (see ESI 3 ). The dielectric properties of silylated sample showed e9 values that remained constant even at lower frequencies (Fig. 8) . As mentioned before, the rising permittivity of the non-silylated nanoparticle samples is likely to be due to ionic impurity conduction which is favored by water adsorption in the porous Fig. 6 Hydrodynamic diameter D H determined by DLS of AgNPs before and after coating with silica shell. An increase in particle size is observed with increasing shell thickness, except for the D H -value of which does not match single particle size. For explanation, see text. nanoparticle film. Silylation creates a hydrophobic shell around the Ag nanoparticles and removes the water from the surface. At high frequencies, typically above 10 4 Hz, the ion conduction mechanism no longer contributes to the permittivity of the nanoporous samples. The difference between silylated and non-silylated samples in the high frequency region is rather small and is attributed to slightly different packing of the nanoparticle in the pellets and to the experimental uncertainty. Since the e9 of air is rather low, and the air voids are filled by alkyl chains which have a e9 of about 2, a slight increase in the e9 should be observed for the hydrophobized sample. Such effect was observed by others. For example the permittivity value of 80 of bulk TiO 2 decreased to 58 for TiO 2 nanoparticles due to the presence of voids.
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The dielectric loss increases with the thinning of silica shell (Fig. 7) . This loss of charges is also reflected by the conductivity of the samples. The AC conductivity is given by s = 2pue 0 e99 where e99 is the imaginary part of the complex dielectric function e9, e 0 is the permittivity of vacuum and u is the frequency. If the universal response function s(u) = A u s is fitted to the measured AC conductivity (Fig. 7) , a frequency exponent between 0.49 and 0.56 is obtained, depending on the thickness of the silica shell. 35 A frequency exponent s , 1, is typical for non-Debye type relaxation caused by hopping or tunnelling of charges. 36 The trend that s decreases with decreasing the silica shell thickness is characteristic for a system in which conductivity increases. 37 Through the hydrophobization of the silica surface the conductivity of the sample decreases significantly at all frequencies as compared to the sample where no hydrophobic coating was used. Hydrophobization of the silica surface is required not only to stabilize the dielectric properties of the Ag@SiO 2 but it helps to compatibilize the particles with an organic matrix where such particles could be used as high e9 filler. Further work is presently going in this direction. Our samples can be considered as percolating conductive particles held apart by the twice the thickness of the insulating shell. If we do not have water inclusion in our pellet samples, the voids can be considered to be filled with air. Therefore the calculation of the effective electrical permittivity of the samples amounts to calculation of highly concentrated coreshell particles in an air matrix (e m = 1). It is well known that only effective medium theories such as the one derived by Bruggemann can reasonably well describe non-dilute particle inclusion in a matrix. 38 Here we applied an effective-medium theory that has been developed for two-phase random composites with an interfacial shell given by 39 : where e eff is the effective permittivity, e 1 the permittivity of the shell (e silica = 3.9), e 2 the permittivity of the core (e Ag = 10 000), 40 e c the dielectric permittivity of the core-shell particles, a is the volume fraction of core in the core-shell particles a = (r 0 /R) 3 , where r 0 is the radius of Ag nanoparticles and R is the radius of the core-shell particles. For the calculations ideal spheres were used. Their closed-packed arrangement (hcp) leads to volume fraction F of 74%. Given the deviation of the experimental particles from spherical structure it is difficult to indicate a precise packing density. From the SEM images of pellets (see ESI3) we infer a tight packing. Therefore we have chosen the highest packing density that can be achieved with identical spheres. The calculated and measured effective permittivity as a function of shell thickness is displayed in Table 2 . The measured values are clearly larger than the calculated ones which could be due to the failure of the model at the percolation limit, even though the theory proved to fit the permittivity of polymer composites with a volume fraction of BaTiO 3 particles up to 70% or might be due to traces of water that are rather hard to remove.
Conclusions
We report an upscale of the synthesis of Ag nanoparticles of 38 nm size as well as their coating with a silica shell of different thicknesses by the Ströber method. The silica shell was varied from y3.6 nm to 20 nm. The core/shell structure of the prepared particles was clearly proven by using a combination of techniques: UV-vis, DLS, SEM, TEM, and EDX. Parallel-plate capacitors of pellets composed of pressed powder of Ag nanoparticles coated with different silica shells were made and the dielectric properties were investigated as function of the shell thickness. For a shell of 3.6 ¡ 1 nm, the insulator layer is too thin and the particles are conductive while increasing the shell thickness to 6.6 ¡ 1.5 nm, a shift from conductive to dielectric behaviour was observed. A further increase in the shell to 20 ¡ 2 nm hides the presence of the metal core and the resulting particles behave similar to silica. The conductivity of the samples due to absorbed water on the silica surface can be reduced by hydrophobization of the surface with an alkyl silane. Such hydrophobized particles have high permittivity, small dielectric losses, and are ready dispersible in nonpolar solvents and are therefore attractive fillers particularly for polydimethylsiloxane material for 13.5 conductive a e m = 1 for air,e 9 SiO2 = 3.9 b In order to avoid ionic conductivity contributions, the permittivity at the frequency of 10 4 Hz is given.
transducer and more generally for large energy storage capacitors.
